Abstract-A compact, ultra-broadband coplanar-waveguide (CPW) bandpass filter (BPF) is demonstrated. The proposed CPW-BPF is essentially designed by exploiting CPW short-stub and open-stub structures. Technically, the proposed filter comprises shunt shortstub and series open-stub structures that are connected in a cascade topology. The higher and lower cutoff frequencies are mainly related to the electrical length of the shunt short stub and the series open stub, respectively. In addition, the stopband rejection is enhanced through an incorporation of CPW bandstop structures. The proposed filter design is verified through experimental demonstration. The corresponding lumped equivalent and transmission-line equivalent circuits are provided for circuit design purpose. Compared with the classical CPW-BPFs, the proposed filter is of a relatively simple and compact configuration. The demonstrated CPW-BPF has about 110% 3-dB fractional bandwidth, sharp selectivity, and great stopband rejection.
INTRODUCTION
Broadband wireless communication systems call for wideband bandpass filters (BPFs), particularly for systems operating in the microwave and millimeter wave regimes. Generally speaking, the microstrip filters appear to be the most common candidates for BPFs of this sort, and they have been studied thoroughly [1] [2] [3] . A general discussion of their designs and applications is provided in [4] and the references therein. In contrast, there has been relatively little work on wideband BPFs employing uniplanar coplanar-waveguide (CPW) structures. It is known that, as the operating frequency moves toward millimeter-wave frequencies, the integration of filters with other circuits via series and shunt circuit topologies appears to be inevitable. The CPW structure has been exploited for such BPF realizations.
Over the past decade, several designs have been proposed for wideband BPFs using the CPW structures [5] [6] [7] [8] . In [5] , the authors proposed a ribbon-of-brick-wall design that was realized by cascading several sections of quarter-wavelength open-ended series stub. This design achieved wide bandwidth but achieved only a slow roll-off rate at the lower passband edge. The authors of [6] demonstrated a BPF that exploited the periodic structure to reduce its size. The filter had 50% 3-dB fractional bandwidth, but the roll-off rate at the lower passband edge was again not good. Similarly, the BPF demonstrated in [7] consisted of cascaded CPW lowpass and highpass structures. The cascaded filter featured good stopband rejection, no repeated passbands, and relatively sharp skirt selectivity. However, the demonstrated 3-dB fractional bandwidth was limited to 70%. An ultra-wideband (3.1-10.6 GHz) BPF based on short-circuited CPW multiple-mode resonators was proposed in [8] . The 3-dB fractional bandwidth of the proposed CPW-BPF was about 110%. However, the roll-off at the lower passband edge was not sharp. Recently, an ultrabroadband BPF based on the cascaded configuration is proposed in [9] . The demonstrated filter had greater than 110% fractional bandwidth along with excellent selectivity, but its electrical size appeared to be relatively large.
Here, the authors aim for size reduction of the filter proposed in [9] , as well as for improvement of stopband rejection. In essence, the proposed CPW-BPF is realized using the CPW bandpass structure (BPS) employed in [9] in conjunction with CPW bandstop structures. Compared with previous designs of filters of this sort, the proposed filter is relatively compact and the stopband rejection is drastically improved.
FILTER DESIGN AND ANALYSIS
In this Section, the theoretical design and synthesis of a compact and ultra-broadband CPW-BPF is presented. Technically, the proposed filter design essentially exploits CPW stub structures in a cascaded topology for the realization of a BPF of sharp skirt selectivity along with good out-of-band rejection. This Section is organized as follows. Section 2.1 outlines the characteristics of the CPW stub structures employed for the proposed filter design. In addition, the corresponding lumped equivalent circuits are provided. The lumped equivalent circuits are obtained via curve fitting the simulated S-parameter data. The filter synthesis with the proposed stub structures is described in Section 2.2. Note that the commercial full-wave simulator HFSS is used for the characterization of the stub structures, as well as the filter synthesis.
CPW Stub Structures
In this sub-section, configuration and analysis of the proposed CPW stub structures exploited in the filter synthesis are presented. Specifically, Sections 2.1.1 and 2.1.2 demonstrate a folded shunt-stub structure and a series open-stub structure, respectively. Finally, the series short-stub structure for improvement on stopband performance is described in Section 2.1.3.
Folded CPW Shunt Short Stub
The conventional CPW shunt short stub ( Fig. 1(a) ), also known as a microwave resonator, is often used for BPF designs [9] and impedance matching networks. The air bridge marked with a gray rectangle is employed to suppress the propagation of the parasitic odd mode (slot-line mode). The fundamental resonance occurs when the stub is quarter wavelength in length at the corresponding resonant frequency. Owing to the distribute nature, the structure also resonates at the harmonics of the fundamental resonant frequency. Here, to reduce the vertical dimension of the stub configuration depicted in Fig. 1(a) , the stub is folded in a T shape as shown in Fig. 1 
(b).
(a) (b) Figure 1 . Schematic diagram of (a) the conventional shunt short stub and (b) the folded shunt short stub. Figure 2 shows the S-parameter data of the straight (l = 5.52 mm, w 1 = 0.4 mm, and w 2 = 0.85 mm) and the folded shunt short stubs (l 1 = 3.26 mm, l 2 = 2.26 mm, w 1 = 0.4 mm, and w 2 = 0.85 mm). In Fig. 2 , both structures have a fundamental resonant frequency at about 10 GHz. At the lower frequencies of the band, both structures are of similar characteristics. However, the S 11 data are very different at the higher frequency of the band. Specifically, there is a deep drop of the S 11 at about 14 GHz for the folded stub structure. It is shown this drop is attributed to enhancement of the radiation loss from the folded section of the stub depicted in Fig. 1(b) . Indeed, the folded section essentially functions like a slot antenna at the higher frequency of the band. For verification, the radiation from the straight and folded stubs is demonstrated in Figs. 3(a) and (b), respectively. As seen in Fig. 3(b) , the increase of the radiation loss is clearly observed at around 14 GHz. The radiation loss can be alleviated with an incorporation of a bandstop structure described in the Section 2.1.3 and will be addressed in the Section 3. Figure 4 shows the corresponding lumped equivalent circuit of the folded shunt short stub. The inductor (L 1 ) is used to describe the characteristics of this short stub in the lower frequency regime. Hence, the lower cut-off frequency of this structure is mainly controlled by L 1 . In the higher frequency regime, a resonant circuit composed of L 2 and C 1 is used to describe its characteristics. It is shown that the higher cut-off frequency of this structure is determined by the resonant frequency of this resonant circuit. 
CPW Series Open Stub
In this sub-section, the characteristics of the CPW series open-stub structure shown in Fig. 5 are presented. The simulated S-parameter data of the CPW series open-stub structure (w 1 = 0.22 mm, w 2 = 0.22 mm, and w 3 = 0.23 mm) with different values of l are shown in Fig. 6(a) . Consequently, the higher cut-off frequency of the passband decreases as l increases. On the other hand, the simulated returnloss with different values of w 3 while w 1 = 0.23 mm, w 2 = 0.23 mm, and l = 4.83 mm is shown in Fig. 6(b) . It is shown that w 3 is a key parameter to the in-band return-loss. The corresponding lumped equivalent circuit is shown in Fig. 7 . The circuit essentially comprises a resonant circuit consisted of C 1 , C 2 and L 1 and other parasitic elements. It is shown that the higher cut-off frequency is predominately related to the resonant circuit. On the other hand, the C 3 is a key parameter to the in-band return-loss, and C 3 is mainly related to the dimension w 3 . 
CPW Series Short Stub
The proposed CPW series short-stub structure for the filter synthesis is shown in Fig. 8 . This structure has a similar configuration of the one demonstrated in Section 2.1.2. The simulated S-parameter data of this structure (w 1 = 0.27 mm, w 2 = 0.23 mm, and w 3 = 0.23 mm) with different values of l are shown in Fig. 9(a) . It is shown that this stub functions like a bandstop structure. As l increases, the center frequency of the stopband decreases. On the other hand, Fig. 9(b) shows the simulated S-parameter data of this structure (l = 1 mm, w 2 = 0.23 mm, and w 3 = 0.23 mm) with different values of w 1 . Consequently, w 1 is associated with the fractional bandwidth (FBW) of the stopband. The corresponding lumped equivalent circuit of this stub structure is shown in Fig. 10 . The circuit comprises a resonant circuit consisted of C 1 and L 1 and other parasitic elements. The resonator is used to describe the behavior of this short stub around the stopband. Specifically, the center frequency of the stopband decreases with an increase of L 1 , which is predominantly related to the dimension l. On the other hand, the stopband rejection is related to the element C 2 , which is mainly adjusted by the dimension w 2 . Figure 10 . The lumped equivalent circuit of the CPW series short stub. Figure 11 . Configuration of the proposed CPW-BPF.
Filter Synthesis
The proposed CPW bandpass filter is realized using the three stub elements detailed in Section 2.1. The configuration of the proposed CPW-BPF is depicted in Fig. 11 . The corresponding dimensions of the proposed filter are listed in Table 1 . The designed filter was fabricated on an RO4350B substrate of relative permittivity 3.48, loss tangent 0.0031, and thickness 1.524 mm for the experimental demonstration. The simulation data are compared against the measurement data for verification. As demonstrated in Fig. 11 , the proposed filter has three sections that are connected in a cascade topology.
First, the section outlined with a dotted line is, in essence, a cascade of the CPW series open stub described in Section 2.1.2 and the folded CPW shunt short stub presented in Section 2.1.1. Technically, the section is a design of a CPW-BPS using a series capacitor and a shunt inductor, which are realized using the CPW open and short stubs, respectively. The lower and higher cutoff frequencies of the structure are predominantly adjusted via the capacitor and inductor, respectively. In contrast to the configuration used in [9] , the two short shunt CPW stubs are folded herein for a width reduction. The Figure 12 . Simulated S-parameter data of the CPW-BPS. Solid lines: With folded shunt stubs; dashed lines: With straight shunt stubs. simulated S-parameter data of the CPW-BPS with unfolded or folded shunt stubs are shown in Fig. 12 . As a result, there is no significant difference in S-parameter data between these two cases, albeit both configurations lead to poor stopband rejection.
To improve the stopband performance of the CPW-BPS, the structure outlined with dashed lines in Fig. 11 is exploited. This structure is the CPW series short stub presented in Section 2.1.3. Here, the CPW series short stub functions as a CPW bandstop structure [10] [11] [12] of a transmission zero in the stopband of the aforementioned CPW-BPS, and the FBW of the CPW bandstop structure can be adjusted easily by the dimensions w 4 and l 3 . As mentioned in Section 2.1.3, the stopband location is attributed to the electrical length of the stub. Indeed, incorporation of structures of this sort significantly improves the stopband rejection of the CPW-BPS. As shown in Fig. 13(a) ( Fig. 13(b) ) of the proposed CPW-BPF. Note that S 1 is a quarterwavelength at 17.8 GHz, and S 2 and S 3 are a quarter-wavelength at 6.85 GHz. The equivalent-circuit results are obtained from the circuit solver ADS. In Fig. 13(b) , the lumped shunt capacitor in between the CPW-BPS and the CPW bandstop structure is mainly attributed to an increase of capacitive coupling from the small extrusion (w 5 ) of the interconnected section.
EXPERIMENTAL DEMONSTRATION
To demonstrate the effectiveness of the proposed filter design, the CPW-BPF presented in Section 2.3 is fabricated for experimental demonstration. Fig. 14 is a photograph of the fabricated CPW-BPF, which is compact, about a half-wavelength by a half-wavelength, at the center frequency (6.8 GHz) in size. The measured S-parameter data are in reasonably good agreement with the simulated values, as shown in Fig. 15 . The measured 3-dB bandwidth is from 2.8 GHz to 10.1 GHz, and the fractional bandwidth is about 110%. The return loss is greater than 15 dB over the whole passband. Furthermore, sharp selectivity at both edges together with excellent stopband rejection in the entire passband is observed. Also, as shown in Fig. 16 , the proposed filter also has good linearity with flat group delay variation from 0.3 ns to 0.6 ns in the passband. Indeed, as compared with the recent wideband/ultra-wideband CPW filter designs (Table 2) , the proposed CPW-BPF is relatively compact and features very good selectivity and great stopband rejection. Group delay of the proposed CPW-BPF (solidline:
Simulation; dashed-line: Measurement). 
CONCLUSION
In conclusion, a compact, ultra-broadband CPW-BPF is demonstrated. The proposed CPW-BPF was designed using simple CPW-BPS and CPW bandstop structures. The demonstrated CPW-BPF features greater than 110% 3-dB fractional bandwidth, sharp skirt selectivity, good stopband rejection, and no repeated passbands. Indeed, the sharp skirt selectivity and good stopband rejection are required to ensure a good rejection of unwanted frequencies in the vicinity of the signal frequencies. The proposed BPF is expected to find applications in wideband/ultra-wideband communication systems, uniplanar monolithic integrated circuits, and monolithic microwave integrated circuits. 
